The presence and distribution of pituitary adenylate cyclase activating peptide (PACAP) immunoreactivity were studied in the duck gastrointestinal tract using immunohistochemistry and radioimmunoassays. Expression and distribution of PACAP mRNA were also studied using reverse transcriptase polymerase chain reaction (RT-PCR) and hybridization techniques. In addition, a partial coding sequence (cds) of the duck growth hormone-releasing hormone (GRF)/PACAP gene was identified. The presence of both PACAP-38 and PACAP-27 was demonstrated, the former being the predominant form. PACAP immunoreactivity was found in neurons and fibers of the enteric nervous system (ENS), in endocrine cells and in the gut associated lymphoid tissue (GALT). Double immunostaining showed that PACAP is almost completely colocalized with vasoactive intestinal peptide (VIP) in the ENS. Moreover, PACAP was also found in nitric oxide synthase (NOS)-containing neurons and nerve fibers. Radioimmunoassay (RIA) performed on denervated gut showed that more than one-half of the duodenal PACAP is extrinsic in origin. RT-PCR, Northern blot analysis and in situ hybridization confirmed the immunohistochemical data. The findings of the present study suggest that, in birds, PACAP may have multiple roles in regulating gastrointestinal functions.
Introduction
Pituitary adenylate cyclase activating peptide (PACAP) is a glucagon/vasoactive intestinal peptide (VIP)/secretin family peptide. It was originally isolated from the ovine hypothalamus and found to exist as two forms with 27-amino-acid (PACAP-27) and 38-amino-acid (PACAP-38) residues (Miyata et al. 1989 , both derived from a 176-amino-acid precursor ).
The PACAP cDNA has been cloned in several mammalian Ogi et al. 1990; Okazaki et al. 1995) and non-mammalian vertebrates (McRory et al. 1995; McRory and Sherwood 1997; Alexandre et al. 2000; Fradinger and Sherwood 2000) . PACAP and growth hormone-releasing hormone (GRF) are encoded within the same gene in non-mammalian vertebrates including birds. In mammals these two peptides are encoded on separate genes.
The amino acid sequence of PACAP is highly conserved throughout phylogeny Chartrel et al. 1991; Yasuhara et al. 1992; Parker et al. 1993; Matsuda et al. 1997) . PACAP is largely expressed in the central nervous system and in peripheral organs including several non-neuronal tissues and is considered to be a ubiquitous chemical messenger with a vast range of biological effects (for a review, see Vaudry et al. 2000) .
Both PACAPs exert their biological activity by binding three different types of receptors (Harmar and Lutz 1994) : PAC 1 receptor, which binds PACAP with a much higher affinity than VIP; and VPAC 1 and VPAC 2 receptors, which bind PACAP and VIP with similar affinities (for a review, see Harmar et al. 1998) .
In the gastrointestinal tract, PACAP immunoreactivity is widely distributed (Uddman et al. 1991; Sundler et al. 1992 ; Köves et al. 1993; Ny et al. 1995; Olsson and Holmgren 1994; Nagahama et al. 1998 ) and PACAP mRNA has been found to be expressed in the intestine of some mammalian and non-mammalian species (Arimura 1992; McRory et al. 1995; Hannibal et al. 1998; Fradinger and Sherwood 2000; Matsuda et al. 2000) . Gastrointestinal PACAP has both an intrinsic and extrinsic origin (Portbury et al. 1995; Hannibal et al. 1998 ) and seems to be involved in the modulation of gastrointestinal motility, secretion and proliferation Lindström et al. 1997 ; for a review, see Läuffer et al. 1999) .
Only few data are available regarding the presence of PACAP in the avian gastrointestinal tract. PACAP immunoreactivity has been described in developing (Salvi et al. 2000) and adult chickens (Sundler et al. 1992 ) and in the pigeon (Mirabella et al. 2000) . However, juvenile GRF/PACAP mRNA has been found unexpressed in the chicken intestine (McRory and Sherwood 1997) . Further information regarding the distribution, origin and coexistence of PACAP immunoreactivity and the expression and distribution of PACAP mRNA in the gastrointestinal tract is essential for understanding the role played by PACAP in the avian gastrointestinal functions.
In the present study we have, therefore, investigated the presence and distribution of PACAP in the duck gastrointestinal tract by means of radioimmunoassay (RIA) and immunohistochemistry. Double immunohistochemical stainings were performed to examine the possible colocalization of PACAP with other neurotransmitters. Using surgical denervation, the origin of PACAP-immunoreactive nerve fibers was also investigated. In addition, expression and distribution of PACAP mRNA were evaluated using reverse transcriptase-polymerase chain reaction (RT-PCR) and in situ hybridization.
Materials and methods
Adult Campbell khaki ducks (Anas platyrhynchos) of both sexes were used. They were anesthetized by intramuscular injection of ketamine (25 mg/kg) and then sacrificed by exsanguination. Specimens from the esophagus, crop, proventriculus (glandular stomach), ventriculus (muscular stomach), duodenum, jejunum, ileum, cecum and rectum were collected.
Sequencing and mRNA expression and distribution Total RNA was extracted from duck hypothalamus using Triazol reagent (cat. no. 15596, Life Technologies, Milan, Italy) .
Primer design
Primer3 Input software was used to design the primers. The primer sequences were: 5′-GATGGGATCTTCAGCAAAGC-3′ (PACAP for) and 5′-AATACGCTACTCGGCGTCCT-3′ (PACAP rev). These primers amplified a fragment of 270 bp (bases 253-523) of the chicken GRF/PACAP cds.
RT-PCR
RT-PCR reactions were performed by a "one-step" RT-PCR using a SuperScript one-step RT-PCR-platinum Taq kit (cat. no. 10928-034, Life Technologies, Milan, Italy). For each reaction, 2 µg total RNA extracted from duck hypothalamus was retro-transcripted and amplified using an MJ thermal cycler (PT-100; MJ Research Inc., Waltham, MA). RT-PCR cycle conditions were as follows: cDNA synthesis: 50°C, 30 min; SuperScript II RT inactivation: 94°C, 2 min; cDNA amplification: [94°C (30 s), 58.3°C (30 s), 72°C (1 min) 40 cycles]; 72°C (5 min), 15°C.
The band of 270 bp cDNA was cut off from the gel and purified using Gel extraction kit (cat. no. GM420050 Genomed, Berlin-Mahlsdorf, Germany). It was then cloned using a dual promoter TOPO TA cloning kit containing pCRII-TOPO cloning vector (cat. no. 45-0640 Invitrogen, Groningen, The Netherlands) and sequenced (Primm, Milan) . The same conditions were used to amplify PACAP cds in the duck gastrointestinal tract.
PCR reaction on RNA samples and using the same set of primers gave no amplification product, thus ruling out that the observed bands may be due to the presence of contaminant genomic DNA.
In situ hybridization (ISH) histochemistry
An oligodeoxyribonucleotide probe complementary to the nucleotides (138-182) in the partial cds of the duck PACAP gene (Genebank accession no. 12962932) was designed. The probe was a 45-mer (5′-TTTCCGGTAGCGGCTGTAGCTGTCCGTGAAGA-TGCCGTCTATGTG-3′), which encodes the first 15 amino acids of the duck PACAP 38. The probe was 3′-end labeled using a terminal transferase kit (cat. no. NEP100; NEN, Boston, MA) and [ 35 S]-dATP (cat. no. NEG734H, specific activity 1,250 Ci/mmol, NEN). Free [ 35 S]-nucleotides were separated from the radioactive probes by using Microspin G-25 columns (cat. no. 27-5325-01, Amersham Pharmacia Biotech., UK).
Fresh tissues were removed rapidly and frozen immediately by immersion in liquid nitrogen for subsequent cryosectioning (10 µm). Sections were mounted on microscope slides and stored at -70°C until used. Frozen, slide-mounted sections were thawed at room temperature and fixed subsequently for 30 min in 4% paraformaldehyde in 0.1 M PBS, pH 7.4, at 4°C. Sections were then rinsed twice for 10 min each in PBS at 4°C, dehydrated in increasing concentrations of ethanol and air dried. Probes were diluted to 5,000 cpm/µl in hybridization buffer [50% formamide, 4 × SSC (sodium saline citrate), 5 × Denhardt's solution, 1% SDS (sodium dodecyl sulfate), 10% dextran sulfate, 0.1 M dithiothreitol, 20 mM NaHPO 4 , pH 7.4, 25 µg/ml poly(A), 25 µg/ml poly(C) and 250 µg/ml tRNA]. Hybridization was performed overnight at 42°C in a humidified chamber. Sections were washed in 1 × SSC at 55°C, dipped in water and dehydrated. The dried hybridization sections were exposed to autoradiographic film (Biomax-MR; Kodak, Belgium) for 15 days at room temperature. Sections were then dipped in photographic emulsion (LM-1; Amersham), developed in Kodak D19 after 30 days and subsequently counterstained with hematoxylin.
The specificity of the hybridization signals was confirmed in the following control experiments: (1) some sections were hybridized with radioactive-labeled probes in competition with a 100-fold molar excess of the same unlabeled probes. (2) Some sections were incubated with the labeled sense probe instead of the antisense oligodeoxynucleotide. (3) Some sections were pretreated with 0.005% ribonuclease A (Sigma) in RNAse buffer [0.5 M NaCl, 10 mM TRIS-HCl, pH 8, 1 mM ethylenediaminetetraacetic acid (EDTA)] for 1 h at 37°C.
Immunohistochemistry
Single and double fluorescent stainings were performed on frozen sections using antisera against PACAP-27 (rabbit, IHC 8922), PACAP-38 (rabbit, IHC 8920), substance P (guinea pig, GHC 7451), calcitonin gene related protein (CGRP) (guinea pig, GHC 6009) and VIP (guinea pig, GHC 7161), all purchased from Peninsula Laboratories Inc., and against NOS (rabbit, AB 5380), purchased from Chemicon International Inc. The procedures, including antibody specificity and cross-reactivity tests, have been previously described (Mirabella et al. 2001) .
In addition, paraffin-embedded sections were used. Briefly, the specimens were fixed by immersion in Bouin's fixative (12 h) and after washing were processed for paraffin embedding in vacuo. The sections were treated by the peroxidase antiperoxidase (PAP) method (Sternberger 1979) . Single PACAP-38 staining was performed using the same rabbit polyclonal primary antibody as in frozen sections.
Surgical denervation
The ducks were anesthetized by an intramuscular injection of ketamine, 25 mg/kg, intubated with an orotracheal tube, and a mixture of oxygen (1 l/min) and 2-3% isoflurane was administered. After the peritoneal cavity was incised, the duodenum, jejunum and rectum were alternatively exposed and denervated. Denervation was performed by cutting the attachment of the mesenterium at the mesenteric border of the gut, thus severing the connections between the vagal duodenal branches or duodenopancreatic plexus and the duodenum or between Remak's nerve and the jejunum or rectum. The ducks were allowed to survive for 48 h, at which time they were sacrificed. After the collection, some of the specimens were processed according to single labeling immunohistochemical procedures for the detection of PACAP immunoreactivity.
Tissue extraction and radioimmunoassays
The assays were performed on normal (n=5) and denervated (n=5 for each investigated tract) ducks according to previously described procedures (Mirabella et al. 2001) .
Results

Immunohistochemistry
General PACAP distribution
PACAP immunoreactivity was primarily found in neurons and fibers of the ENS (Table 1) . PACAP-positive nerve fibers were generally found distributed in all the layers of the examined gastrointestinal tracts. The density of the fibers varied between the layers and between the tracts. PACAP-positive neurons were also found. They were more numerous in the submucous than in the myenteric ganglia. In addition, PACAP immunoreactivity was found in endocrine and in leukocyte-like cells.
Esophagus and crop
PACAP-positive fibers were found to be numerous in the inner circular muscle and in the muscularis mucosae (Fig. 1a) . They were poor in the outer longitudinal muscle. Positive fibers were also found to encircle the adenomeres of mucous glands (Fig. 1b, c) . PACAP-positive neurons were found in both myenteric (Fig. 1d) and submucous (Fig. 1e) ganglia.
Proventriculus PACAP-positive fibers were found to innervate the inner circular (Fig. 1f ) and, to a lesser extent, the outer longitudinal muscle. The muscularis mucosae, which is composed of inner, outer and interglandular strands of smooth muscle tissue, was also innervated (Fig. 1f-h ). Positive fibers were found around the alveoli and underneath the ductal epithelium of the deep proventricular glands and within the proventricular plicae (Fig. 1g-i) . In addition, they frequently innervated blood vessels (Fig. 1f) . PACAP-positive neurons were found in myenteric (Fig. 1j) and submucous ganglia and in ganglia located in the tunica mucosa (Fig. 1f) . Some positive endocrine cells were observed in the deep proventricular glands (Fig. 1i) .
Ventriculus
Fine, varicose PACAP-positive fibers, which ran parallel to the muscle bundles, were primarily found in the ventriculus muscle (Fig. 1m) .
Small intestine
The density of PACAP-positive fibers was higher in the circular than longitudinal muscle (Fig. 2a, b) . In the mucosal layer, positive, varicose fibers were located around the crypts and extended up in the villi (Fig. 2a-c) . PACAP-positive cell bodies were found both in submucous (Fig. 2c) and myenteric ganglia. In these ganglia, PACAP-positive varicose fibers were observed to encircle both positive and negative cells. Rarely in the duodenum, the muscularis mucosae was very thin or absent so that positive neurons were observed to be located in close contact with the gland crypts. PACAP-positive endocrine cells were found both in the crypts (Fig. 2a) and villi. 
Large intestine
In the rectum, the general patterns of distribution of PACAP immunoreactivity were similar to those described in the small intestine ( Fig. 2d-g ). Occasionally, PACAP immunoreactivity was found in small ganglia located in the tunica mucosa (Fig. 2d) . In the ceca, the density of positive neurons and fibers appeared to be lower than in the other parts of the intestinal tract. No positive endocrine cells were observed in the large intestine.
In all the examined tracts, small, rounded PACAP-positive cells with a lymphocyte-like feature were observed. These cells were primarily found in the connective core of the villi (Fig. 3a) and among crypts (Fig. 3b, c) . They were also found in lymphoid aggregates (Fig. 3d, e) . These aggregates were numerous in the esophagus, where they were frequently associated with mucous glands (Fig. 3e, f) . Colocalization studies PACAP and VIP were extensively colocalized in neurons and nerve fibers throughout the entire gastrointestinal tract (Fig. 4a-f) . On the contrary, they were never colocalized in endocrine cells (Fig. 4g, h ). PACAP and NOS were frequently colocalized in submucous neurons (Fig. 4i, j) . In all the tracts, CGRP or substance P, generally, was not expressed in PACAP-positive nerve fibers (Fig. 4k, l) .
Denervation
After the denervation, marked reduction of PACAP-positive nerve fibers was observed in the duodenum. These reductions were particularly seen in the mucosa, in the submucosal plexus and in the inner circular muscle (Fig. 5a, b) . Jejunum and rectum (Fig. 5c, d ) seemed to be unaffected.
Radioimmunoassays
The results are summarized in Fig. 6 . In all the examined regions of the normal gastroenteric tract, the concentra- Fig. 3a -f PACAP immunoreactivity in lymphocyte-like cells and lymphoid aggregates (vc connective core of the villi, ve epithelium of the villi, gc crypts, la lymphoid aggregates, oe esophageal epithelium, mg mucous glands, gd mucous gland duct, small arrows PACAP-positive fibers, large arrows PACAP-positive lymphocyte-like cells, double arrows submucous ganglia, arrowhead endocrine cell). a, d Duodenum; b rectum; c jejunum; e, f esophagus. PACAP-positive lymphocyte-like cells were found in the connective core of the villi (a) and among crypts (b). These cells were morphologically and topographically distinct from endocrine cells (c). They were also observed in gastrointestinal lymphoid aggregates (d, e) and around mucous gland ducts in the esophagus (e). In some cases (d), PACAP-positive fibers were found to innervate large lymphoid aggregates. Scale bar 10 µm control (a, c) and denervated ducks (b, d) . PACAPimmunoreactive nerve fibers are clearly reduced after denervation in the duodenum (a, b) but not in the rectum (c, d) (gc crypts, mm muscularis mucosae, smp submucous plexus, cm circular muscle). Scale bar 25 µm tions of PACAP-38 were much greater than those of PACAP-27. The greatest concentrations of both forms were found in the duodenum, the lowest in the ventriculus. In the denervated duodenum, the concentration of PACAP-38 decreased from 5.28 pmol/g to 2.39 pmol/g. No significant changes occurred after the denervation of the jejunum and the rectum.
PACAP sequencing and mRNA expression and distribution
The cDNA which was amplified and sequenced (AF343119) from the duck hypothalamus was highly homologous to that in the chicken (U67275). In particular, the PACAP partial cds in the duck is highly homologous (98%) between 3967 and 4149 nucleotides of the exon 5 that encodes for a part of the chicken GRF and the entire PACAP (88-270 nt in the duck) and between 3508 and 3596 nucleotides (92%) of the exon 4 that encode for the chicken cryptic peptide and GRF (1-88 nt in the duck).
RT-PCR and Northern blot analysis (data not shown)
RT-PCR reaction and Northern blot analysis revealed the expression of PACAP mRNA in the hypothalamus as well as the gastrointestinal canal.
ISH histochemistry
ISH histochemistry revealed PACAP mRNA in myenteric and, to a lesser extent, submucous ganglion cells (Fig. 7a-c) . In the proventriculus, PACAP mRNA was also found in mucosal ganglia (Fig. 7d) . In the deep proventricular glands and jejunal villi, several ISH-positive cells were observed within the epithelium (Fig. 7d, e) . In addition, in the mucosa-associated lymphoid aggregates numerous and intensely labeled positive cells were found. This was particularly evident in the esophagus, where these cells seemed to migrate towards the ducts of mucous glands (Fig. 7f) . Intensely labeled positive cells were also found in lymphatic vessels (Fig. 7g) , in the connective tissue of the core of the intestinal villi ( Fig. 7h ) and among crypts (Fig. 7i) .
Discussion
The results of the present study demonstrate that both PACAP molecular forms are present in the duck gastrointestinal tract and that, as has been reported in several mammalian and non-mammalian tissues Hannibal et al. 1998; Montero et al. 1998; Mikkelsen et al. 1995; Fahrenkrug and Hannibal 1996; Mirabella et al. 2001) , PACAP-38 is the dominant form.
Compared to mammals, some differences seem to occur regarding PACAP concentrations. Generally, PACAP-38 is less strongly expressed in the duck than in the rat intestine (Hannibal et al. 1998) . In both these species, it is more strongly expressed in the small than in the large intestine. In the duck, PACAP-38 is more strongly expressed in the duodenum than in other tracts of the small intestine, and vice versa in the rat (Hannibal et al. 1998) . Except in the mouse (Sundler et al. 1992) , PACAP-27 is more strongly expressed in the duodenum and large intestine of the duck than in those of several mammalian species (Sundler et al. 1992; Hannibal et al. 1998) .
RIA and immunohistochemistry performed in normal and denervated ducks have shown that PACAP has a dual intrinsic/extrinsic origin in the duodenum. It seems to be exclusively intrinsic in other tracts of the small and in the large intestine. This is consistent with the pattern of innervation of the avian gut.
Duodenum, indeed, receives innervation directly from vagus nerves through duodenal branches. In addition it is innervated by the duodenopancreatic plexus which, in turn, receives important contributions from vagal nerves as well as celiac and mesenteric ganglia. It may be speculated that part of the extrinsic PACAP to the duck duodenum represents both vagal afferent and efferent fibers. This hypothesis is supported by the presence of a strong PACAP immunoreactivity in the chicken vagus nerve. Moreover, PACAP-immunoreactive and/or PACAP mRNA-positive cells have been demonstrated in the vagal ganglia and vagal motor nuclei of both mammalian and avian species (Legradi et al. 1994; Mulder et al 1995; Peeters et al. 2000; Salvi et al. 2000) .
The possibility that extrinsic duodenal PACAP-positive fibers also originate from celiac and mesenteric ganglia, however, cannot be excluded. Extrinsic PACAP has also been demonstrated in the guinea pig ileum (Portbury et al. 1995) and rat stomach (Hannibal et al. 1998) .
The remnant part of the avian gut, from the distal duodenum to the end of the rectum, receives autonomic innervation from the intestinal Remak's nerve. This nerve is ganglionated and contains both sympathetic and parasympathetic fibers. Vagal and sacral parasympathetic fibers reach Remak's nerve through the celiac and mesenteric plexus and the pudendus (pelvic) nerve respectively (Bennett 1974; Baumel 1975) . Despite the possibility that vagal PACAP-positive fibers reach the jejunum and rectum via Remak's nerve, extrinsic PACAP was not observed in these tracts of the intestine. It can be hypothesized that vagal PACAP-positive fibers interrupt their course and serve as preganglionic efferents in the ganglia of Remak's nerve. There is evidence that vagal fibers synapse on cell bodies in these ganglia (Pera 1962 (Pera , 1963a (Pera , 1963b . Moreover, we observed in these ganglia (data not shown) numerous varicose PACAP-positive fibers encircling negative cells.
Immunohistochemical data showed that PACAP is widely distributed throughout the duck gastrointestinal tract. PACAP immunoreactivity was observed in both myenteric and submucous ganglia of all the investigated tracts and in endocrine cells. In addition, PACAP-positive fibers were observed in the muscular and mucosal layers, around and within the glands and corresponding with the muscular and submucosal blood vessels. These data agree, for the most part, with those reported from the chicken (Sundler et al. 1992) , rat (Hannibal et al. 1998 ) and teleost fishes (Olsson and Holmgren 1994) . They differ, however, from those reported from the guinea pig (Portbury et al. 1995) and from several other mammalian species, such as the cat, pig and mouse (Sundler et al 1992) , in which PACAP seems to be absent from several tracts of the gastrointestinal mucosa.
The morphological findings provided by the present study suggest that PACAP plays a role in several nervemediated functions of the bird gastrointestinal tract. This is supported by the fact that PAC 1 receptor mRNA is expressed in the avian gut (Peeters et al. 1999) . Moreover, many functional studies indicate that PACAP has a potent relaxant activity on gastrointestinal smooth muscle (Katsolius et al. 1993; McConalogue et al. 1995; Yoshida et al. 2000) and important secretomotor properties throughout the gastrointestinal tract (Cox 1992; Kuwahara et al. 1993; Fuchs et al. 1996; Ozawa et al. 1997; Takeuchi et al. 1997) .
The presence of positive cell bodies in ganglia located in the lamina propria of the proventricular mucosa suggests, in addition, a role for PACAP in the regulation of local mechanisms which control the activity of the muscularis mucosae and deep proventricular glands. It should be remembered that PACAP has evident stimulatory effects on gastric acid secretion. Indeed, it elicits histamine release from enterochromaffin cells (Lindström et al. 1997; Lindström and Håkanson 2001) by binding PAC1 receptors and also activating L-type calcium channels (Zeng et al. 1999a (Zeng et al. , 1999b .
Colocalization studies disclosed that PACAP and VIP were almost completely coexpressed in the duck ENS. This almost complete PACAP/VIP colocalization represents a common finding in the avian peripheral nervous system (Sundler et al. 1992; Mirabella et al. 2000 Mirabella et al. , 2001 Salvi et al. 2000) . Many PACAP/VIP-positive neurons also expressed NOS, so that two classes of PACAP-positive intrinsic neurons, i.e., PACAP/VIP and PACAP/ VIP/NOS, seem to exist in the duck gastrointestinal tract. This confirms previous findings in the pigeon (Mirabella et al. 2000) and agrees with those reported in many non-avian species (Sundler et al. 1992; Olsson and Holmgren 1994; Portbury et al. 1995; Hannibal et al. 1998) . PACAP, interacting with NO and VIP, in this case also via common receptors, may play an important role in mediating inhibitory non-adrenergic, non-cholinergic (NANC) neurotransmission in the avian gastrointestinal tract.
In the present study, the nucleotide sequence of GRF/PACAP partial cds of the duck was obtained by using RT-PCR (Genebank accession number AF343119).
Comparison of the nucleotide and the deduced aminoacidic sequences with those of the chicken and mammals confirmed that this cDNA corresponds to PACAP. The identities with the complete cds of Gallus gallus GRF/PACAP were 98% and the amino acid positivities with GRF/PACAP polypeptide were the same. The high degree of nucleotide identity confirmed that this gene is highly conserved among species.
In contrast to that reported by McRory and Sherwood (1997) , who did not detect GRF/PACAP mRNA from the juvenile chicken small and large intestine, PACAP mRNA expression was demonstrated in the duck gastrointestinal tract.
ISH results confirmed the immunohistochemical data. PACAP mRNA was found in both myenteric and submucous ganglia. However, a discrepancy was noted between ISH and immunohistochemistry regarding the density of PACAP-expressing cell bodies in submucous ganglia. Indeed, PACAP-immunoreactive cells were more numerous than ISH-positive cells and this could be due to differences in sensitivity between the two methods (Hannibal et al. 1998) .
Immunohistochemistry and ISH demonstrated the presence of PACAP-producing cells in the gut-associated lymphoid tissue (GALT). The presence of PACAP-positive lymphocytes was immunohistochemically detected within the epithelium and the connective core of the duodenal villi in the rat (Gaytan et al. 1994 ). In addition, PACAP receptors are expressed in rat peritoneal macrophages (Pozo et al. 1997) , thus suggesting an involvement for PACAP in the control of immune functions. PACAP, indeed, is reported to have a role in the regulation of the inflammatory process by stimulating histamine (Mori et al. 1994 ) and serotonin (Seebeck et al. 1998 ) secretion in mast cells, by modulating the produc-357 Fig. 7a-i Distribution of PACAP mRNA by ISH histochemistry (gc crypts, mm muscularis mucosae, lp lamina propria, pvg deep proventricular glands, iv villi, gd duct of an esophageal mucous gland, la lymphoid aggregate, lv lymphatic vessel, large arrow ISH positivity in a proventricular mucosal ganglion). Esophagus (a, b, f, g), proventriculus (d), duodenum (h), jejunum (c, e) and rectum (i). ISH positivities were found in myenteric (a, b), submucous (c) and proventricular mucosal (d) ganglia. Intraepithelial ISH positivities (arrowheads) were found in the proventricular glands (d) and in the jejunal villi (e). In addition, intensely labeled positive cells (small arrows) were observed in lymphoid aggregates (f), in lymphatic vessels (g), in the connective tissue of the core of the villi (h) and among crypts (i). Scale bar 10 µm v tion of cytokines in immune cells (Delgado et al. 1999a (Delgado et al. , 1999b Martinez et al. 1996) and by inhibiting NO production from activated macrophages (Delgado 1999c) . It can be hypothesized that in the duck gastrointestinal tract PACAP produced by GALT lymphocytes modulates the cytotoxic activity of macrophages in loco.
In conclusion, the results of the present study showed that PACAP is expressed in neuronal and non-neuronal tissues of the duck gastrointestinal tract and plays multiple roles in the regulation of avian gastrointestinal functions.
